Objectives: Arthrogryposis multiplex congenita is a congenital condition characterized by joint contractures with resulting foot deformities and gait deviations. The aim of this study was to describe gait deviations and foot deformities in children with arthrogryposis objectively and quantitatively with detailed gait analysis, including multisegment foot kinematics and foot pressure analysis. Materials and Methods: Children with arthrogryposis were evaluated retrospectively. Their data were compared to data from typically developing children. Comprehensive data presented include results of a full gait analysis with multisegment or single-segment foot kinematics, kinetics, pedobarograph, physical examination, and radiographic measurements. Children were grouped by age, orthotic use, and history of surgical intervention. Results: Forty-two children with arthrogryposis (2-20 years old) were reviewed. Physical examination and kinematic data showed that children walked with a crouched gait; exhibited stiffness in the hips, knees, and ankles; and showed limitations in their gross motor functioning. Power generation was low at the ankle and was high at the hip. Multisegment foot kinematics revealed stiffness in hindfoot plantar flexion and residual forefoot adduction. Foot pressure showed reduced heel impulse, excessive midfoot contact, and overall varus foot position. Categorization by age revealed greater stiffness at the hips and knees in older children. Children with knee-ankle-foot orthosis showed the most stiffness. Conclusions: Three-dimensional motion analysis and plantar pressure measurements are able to quantify the empirical observations of children with arthrogryposis walking with a crouched, stiff gait and having foot deformities. The use of these technologies in conjunction with clinical examination and functional tests is, therefore, recommended to monitor treatment efficacy and natural progression of gait deviations and joint deformities in arthrogryposis.
Introduction
Arthrogryposis multiplex congenita (AMC) is a heterogeneous condition comprising multiple congenital joint contractures, frequently leading to limitations in mobility and activities of daily living. [1] Arthrogryposis occurs with a prevalence of 1:3000-1:5100 live births. [1, 2] The principal cause of arthrogryposis is decreased fetal movements (fetal akinesia) occurring as a result of fetal or maternal abnormalities, and there is a direct correlation between the severity of congenital contractures and the earlier onset of fetal akinesia. [3] Arthrogryposis can be principally classified as distal, radial dysplasia, amyoplasia, and Escobar syndrome. In amyoplasia, the most common subgroup of AMC (38%-43%), limb involvement varies, with all four limbs involved in 84% of children, only lower limbs involved in 11%, and only upper extremities involved in 5%. [4] [5] [6] In amyoplasia, 85% of children are able to walk independently before the age of 5 years, [6] but gait deviations are common. [7] AMC affects the capacity for ambulation, with varying functional levels classified according to Hoffer as community, household, nonfunctional, and nonambulators, [8] but few studies have quantified gait deviations in this population. Motor function limitations and their relationship to muscular status and contractures were evaluated [5] with a focus on static and qualitative measures, but the relationship between gait deviation and AMC has not been studied quantitatively. Recent studies have started using three-dimensional (3D) gait analysis to evaluate children with arthrogryposis. Bohm et al. used 3D motion analysis to evaluate gait in children with arthrogryposis, focusing on trunk motion and strength and range of motion of the hip. [9] Eriksson et al. used 3D gait analysis to evaluate the Gait Deviation Index in children with arthrogryposis though limited information was available regarding dynamic foot movement. [10] A quantitative understanding of overall lower extremity dynamics has the potential to increase understanding of functionality and ambulation capacity and evaluate treatment effectiveness.
Children with arthrogryposis frequently have foot deformities, which are often difficult to treat and have a high rate of recurrence. [11, 12] Clubfoot is a common foot deformity in arthrogryposis, but it has been found to be harder to treat than idiopathic clubfoot with high rate of recurrence and the need for further surgical intervention. [13] Other common foot deformities in arthrogryposis include equinovarus foot and congenital vertical talus (CVT). [14] These foot deformities can be debilitating if not treated, and studies have often focused on surgical or other treatments to determine the effectiveness of treatment; [12, [14] [15] [16] [17] [18] however, the outcomes largely have been measured using radiographs or other static measures. This study seeks a more objective picture of the dynamic motion of the foot in children with arthrogryposis through foot pressure analysis and multisegment foot kinematics.
The aim of the present study was to retrospectively study clinical data from children with arthrogryposis to quantitatively assess lower extremity gait deviations and foot deformities. Accurate quantitative assessment of contractures and bony malalignment and their effect on foot deformity, gait, and functional mobility is essential for the treatment planning and management, including surgical intervention, in the AMC population.
Materials and Methods
In this institutional review board IRB-approved retrospective study, inclusion criteria were a diagnosis of arthrogryposis and the completion of a gait analysis. Data were collected from medical records from January 1998 to April 2016. Children's first gait laboratory visits were selected if multiple visits were available. Surgical history was not controlled or used as exclusion criteria but was collected from medical records. Gait data (foot pressure and 3D gait analysis) were captured in barefoot for all patients.
Radiographs
Children who had foot radiographs as part of their orthopedic evaluation were identified. Radiographic measurements of the foot on anteroposterior view included talocalcaneal angle. [19, 20] Radiographic measurements on the lateral view of foot included talo-first metatarsal angle, [21, 22] talo-horizontal angle, [23] talocalcaneal axial angle, [24] and calcaneal pitch. [22, 25] 
Physical examination
Physical examination measurements evaluated lower extremity passive range of motion for hip abduction, knee flexion, ankle dorsiflexion, and ankle plantar flexion using a clinical goniometer. The range of motion measurements was described in Norkin and White's Measurement of Joint Motion: A Guide to Goniometry [26] and Kendall et al.'s Muscles: Testing and Function with Posture and Pain. [27] Children's gross motor function was scored using Section D of the Gross Motor Function Measure (GMFM). The GMFM Section D assesses children's gross motor skills related to standing ability on a 0-3 scale, where 0 = does not initiate, 1 = initiates, 2 = partially completes, and 3 = completes several skills. [28] Children's functional mobility was scored using the Functional Mobility Scale (FMS). [29] The FMS describes the functional mobility of the child over three distinct distances: in the home, at school, and in the wider community. Each distance receives a score of C for crawling or 1-6, with 1 being use of a wheelchair and 6 being independent on all surfaces. [29] Pedobarograph study Dynamic foot pressure readings were collected using a walkway pedobarograph (Tekscan, South Boston, MA, USA). Heel pressures, medial and lateral midfoot and forefoot pressure, and Coronal Plane Pressure Index (CPPI) were studied and compared to laboratory normative values. [21] CPPI is the ratio of medial-to-lateral column pressure on a scale of −100 (severe varus) to +100 (severe valgus). Pedobarograph outcomes from three footprints were measured and averaged to obtain foot pressure data.
Gait study
Gait analyses were completed in the motion analysis laboratory using 3D motion capture to analyze lower extremity movement during barefoot walking. Kinematic data were obtained using an eight-camera motion analysis system (Motion Analysis, Santa Rosa, CA, USA). Foot motion was measured with a single-segment foot marker set or with a multisegment foot marker set for children who could walk without an assistive device. [19, 20] Kinetics were calculated using data from two AMTI force plates (Advanced Mechanical Technology, Watertown, MA, USA). Single-segment kinematic and kinetic normative data were age matched. Multisegment foot normative data were from children with no reported foot deformity, motor disorder, or observable gait deviations.
Statistics
Outcome variables were compared to data from typically developing (TD) children using unpaired t-tests. Children were grouped and compared as follows: [30]
Results
Forty-two children (84 total feet; mean age: 10 ± 5 years) met inclusion criteria. Of these 42 children, 19 were classified with amyoplasia, 17 with distal, 1 with radial dysplasia, and 3 with multiple pterygium, of which 2 were subclassified with Escobar syndrome. Two children did not have a specific classification on their medical notes.
FMS scores are provided in Table 1 .
Eleven percent of children used KAFOs, 44% used AFOs, and 45% used in-shoe or no orthoses.
Operative history
Ninety-five percent of children (40/42) had lower-limb surgical interventions before their gait analysis visit [ Table 2 ]. With regard to foot interventions, 29 feet underwent Ponseti treatment for clubfoot deformity and 48 feet underwent operative intervention for clubfoot. Seven patients (12 feet) exhibited a CVT, of which six patients underwent corrective surgery. Nineteen percent of children (8/42) had incomplete surgical history due to adoption or otherwise lack of specific surgical history; however, all eight children were known to have had operative intervention for clubfoot. Other surgeries included hip relocation surgery in seven children, patellar reduction in one child, and femoral osteotomies in one child. One patient had hip dislocation that was not suitable for surgical treatment due to severe dysplastic changes of the acetabulum.
Radiographic results
Foot radiographic evaluations were available for 22 children (41 feet). In the midfoot, rocker bottom deformities were seen in five children (10 feet; 24.4%), three of which had clubfoot and two CVT presentations. One child with clubfoot presentation in the surgical group showed severe deformity of the talus bilaterally (avascular necrosis) with ankle and subtalar ankylosis. Loss of the medial longitudinal arch of the foot was seen in 19 feet (46.3%).
Physical examination results
Physical examination demonstrated hip, knee, and ankle stiffness, as well as a limitation in gross motor function [ Table 3 ]. Youth with arthrogryposis had a significant reduction in hip abduction, knee extension, knee flexion, dorsiflexion, plantar flexion, and excessive forefoot adduction (all P < 0.0001) compared to TD youth.
Pedobarograph results
Foot pressure measurements [Table 4 ] demonstrated that the dynamic foot posture of children with arthrogryposis and clubfoot deformities deviates from TD children with decreased heel contact (P < 0.0001) and increased lateral (P = 0.00001) and medial (P < 0.001) midfoot pressures. Medial forefoot pressure was lower in TD children (P < 0.00001). CPPI demonstrated residual varus though significant variation was present (P < 0.00001). For children with arthrogryposis and CVT deformities, the main differences were found at the lateral (P < 0.01) and medial (P < 0.01) forefeet. CPPI demonstrated residual valgus with statistically significant variation (P = 0.04). 
Kinetic results
Kinetic data demonstrated abnormal hip and ankle force and power generation [ Table 5 ]. Hip abduction moment was lower in children with arthrogryposis (P = 0.0003). Ankle plantar flexion moment and power generation were low (P < 0.0001). Hip power generation was higher than normative values (P = 0.01).
Kinematic results
Kinematic data demonstrate a slow, crouched gait pattern with stiffness at the hip, knee, and ankle [ Table 6 ]. Compared to age-matched peers, children with arthrogryposis walk with a low speed (P < 0.0001), excessive hip flexion (P < 0.0001), excessive knee flexion (P < 0.0001), and limited ankle range of motion (P < 0.001). and highest in the no-brace category (P = 0.0002; AFO vs. no orthotic). Hip abduction (P < 0.0001) and ankle dorsiflexion (P = 0.004; KAFO vs. no orthotic) were lower in the KAFO group compared to others.
Discussion
Children with arthrogryposis frequently present with gait deviations and foot deformities. [10] These gait deviations and foot deformities have been previously studied qualitatively, demonstrating stiffness at the hip, knee, and ankle with equinovarus compared to TD children. [11, [31] [32] [33] During childhood, surgical treatment is often necessary to maintain ambulation or improve lower-limb function. [31, 34] The findings of the present study are consistent with the literature describing gait deviations in children with arthrogryposis. [9, 10, 35, 36] Ambulation and physical examination measurements show stiff hips, knees, and ankles with a crouched gait pattern. The range of motion limitations has been shown in the literature for children with arthrogryposis. [5, 8, 9] Stiffness in the ankles leads to low ankle power generation. In TD children, push off in walking is powered greatly by the ankles. [37, 38] In arthrogryposis, stiffness at the ankles minimizes this ability to propel at the ankles requiring propulsion to be powered by other parts of the body. Our study showed that hip power generation was highly likely to compensate for propulsion in walking. This is consistent with Eriksson et al. ' s study showing that the hip muscles contribute more work in walking in children with arthrogryposis than in TD children as a result of low work production from the ankles. [10] This study revealed that children with AMC walk more slowly and have lower gross motor function than their TD peers. Eriksson et al. reported lower velocity in walking in children with arthrogryposis versus TD children. [10] Those with more severe contractures, indicated by type of orthotic used, showed a less efficient gait, a slower walking velocity, and difficulties matching overall distance traveled with TD children. [39] This is consistent with our findings of more stiffness and slower gait in those with KAFOs and AFOs. Studies looking at the effect of age and characteristics of arthrogryposis are limited. In this study, separation by age revealed a greater stiffness in the older age group.
Dynamic foot analysis findings demonstrated that foot posture deviated from normal with clubfoot deformities most commonly seen. Feet exhibited greater midfoot contact, suggesting some midfoot breakdown. Children with clubfoot deformities presented with residual equinovarus, reduced heel impulse, varus foot pressure distribution, and forefoot adduction. In contrast, children with arthrogryposis and CVT had normal heel impulse, valgus foot pressure, and reduced lateral forefoot pressure distribution.
Operative treatment has historically been suggested for clubfoot in children with arthrogryposis, but recently, as in children with idiopathic clubfoot, conservative 
Multisegment foot kinematic results
Multisegment foot kinematic data demonstrate hindfoot plantar flexion stiffness, hindfoot varus, and residual forefoot adduction [ Table 7 ]. Hindfoot plantar flexion was limited at push off (P = 0.005) and was in varus (P = 0.035). Forefoot was in adduction compared to normative values (P = 0.0278).
Age grouping
Categorizing by age (<10 years or ≥10 years), Table 8 reveals that some age-related differences may exist in children with arthrogryposis. The older group walked with higher speed (P = 0.00138), but they had more hip (P = 0.028) and knee (P = 0.0004) stiffness.
Orthotic grouping
Separation by orthotic use [ Table 9 ] demonstrated that children who use KAFOs had more severe contractures and lower gross motor function. GMFM was lowest in the group with KAFOs (P = 0.003; AFO vs. KAFO) [17, 40] Kowalczyk et al. showed that the Ponseti method improved clinical outcomes in arthrogrypotic clubfeet, reduced invasiveness of revisions, and shortened overall time of anesthesia and surgery. [15] Our study demonstrated greater residual equinus and forefoot adduction, resulting in reduced heel contact in the group treated conservatively, but similar functional outcome with similar ankle power generation as compared to feet treated operatively. Mater et al. did a long-term follow-up study on clubfoot in arthrogryposis and showed that recurrence could be minimized in more cases if bracing is done as recommended. [17, 41] Further studies are needed to clarify the benefits of conservative treatment, including potential improvements in motion due to lack of surgical scarring. Koureas et al. [42] reviewed radiographs of 1120 feet that had been conservatively treated for a clubfoot deformity and found 36 feet (3.2%) that developed a rocker bottom deformity. The incidence of rocker bottom deformity in our study was higher (24.4%) when compared with previous studies in clubfeet, which could be related to a persistence of a rigid equinocavovarus deformity. Van Bosse et al. demonstrated better outcomes with an initial percutaneous Achilles tenotomy before casting (modified Ponseti technique) compared to the original Ponseti technique in children with arthrogryposis. [43] The limitations of this study include a high incidence of surgical interventions prior to gait analysis. In children with arthrogryposis, surgical intervention is often performed prior to ambulation. Other limitations include variations in the number of children who performed a full gait analysis, resulting in less data for some of the analyses. This limited the categories that could be studied. This study was also limited by its cross-sectional nature. Ideally, a prospective, longitudinal study would provide a better indicator of age-related trends.
Conclusion
Children with arthrogryposis showed foot and gait deviations. Foot pressure measurements and radiographs showed midfoot breakdown. Residual equinovarus of the foot, as well as forefoot adduction, shown through foot pressure and multisegment foot kinematics, suggested recurrence of clubfoot deformities. Functional limitations were seen in low gait velocity, limitation in gross motor function, and low ankle force power generation. Hips, knees, and ankles demonstrated stiffness during gait in children with arthrogryposis, resulting in a crouched gait pattern.
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